To determine the mechanism of ventricular vulnerability to electrical stimulation, we simultaneously recorded from 120 transmural electrodes in a 35 x 20 x 5-mm portion of right ventricular infundibnlum in seven dogs. Baseline pacing (SO was performed from outside the mapped region followed by single premature stimulation (SJ of increasing strength at the center of the mapped region. In five of six episodes of ventricular fibrillation and 26 of 30 episodes of repetitive responses, complete reentrant pathways were observed. Earliest activation following S? was not at the site of S 2 stimulation but was at a point between the S, and S? sites of stimulation. Activation spread away from the early site toward the opposite side of the mapped region around the sides of an arc of block near the Sj site to form a "figure-of-eight." The activation fronts coalesced to activate the region around the Si site last and, if the difference hi times between activation at the early site and near the S 2 site was large, reentered the tissue toward the St site. Ventricular refractory periods were determined in four dogs following Si pacing; the regions with the greatest nonuniformity hi the dispersion of refractoriness were not the regions of unidirectional block after Si stimulation. Thus, 1) ventricular fibrillation and repetitive responses induced electrically with S, and Si stimuli at different ventricular sites arise by figure-ofeight reentry, 2) this reentry is caused by the ability of S? stimulation both to prolong refractoriness near the S i site and to initiate a propagated response hi the region between the S, and S2 sites, and 3) a nonuniform dispersion of refractoriness is not crucial for the electrical induction of reentry leading to ventricular fibrillation or repetitive responses when Si and S 2 stimuli are given at different locations on the right ventricular outflow tract. (Circulation Research 1988;62:1191-1209) From the Wires WIRES c RIGHT THREE BIPOLAR ELECTRODES BMRS PULMONARY ARTERY i n m 32 m 2o jo-LEFT
S ince the demonstration that a single strong premature stimulus can induce ventricular fibrillation (VF), 1 ' 2 electrical induction has been used extensively in the laboratory as a model to study VF. 3 ' 4 In addition, the VF threshold has been widely used to test the efficacy of antiarrhythmic agents 56 and to establish safety guidelines for medical instruments. 7 ' 8 Despite these numerous studies, the mechanism by which a single stimulus can induce VF in the vulnerable period of the cardiac cycle is not fully understood. The most commonly proposed mechanism is the nonuniform dispersion of refractoriness hypothesis, 9 "" which states that VF occurs by reentry caused by nonuniform dispersion of refractoriness during the relative refractory period. Because of the inhomogeneity in the recovery of excitability, activation fronts, which are initiated by the stimulus in less refractory regions, block unidirectionally when they encounter regions of greater refractoriness, leading to reentry. This hypothesis is supported by the fact that VF is more likely to occur in situations that increase the nonuniformity of the recovery of excitability such as slow heart rate, premature stimulation, cardiac sympathetic stim-ulation, and myocardial ischemia. 91213 The junction between Purkinje and ventricular fibers is another possible site of large differences of refractory periods. Because the recovery of excitability after premature stimulation is faster for Purkinje fibers than for ventricular fibers, this junction could be the site of unidirectional block leading to reentry and VF. 14~16 Although some studies suggest that the onset of electrically induced VF is caused by reentry, 16 " 19 these studies did not include transmural recordings to map the three-dimensional patfis of the activation fronts. In addition, it is possible that the association between the nonuniform dispersion of refractoriness and VF is not causal since no study has compared the nonuniform dispersion of refractoriness and the sequence of activation during the initiation of VF to demonstrate directly the role of nonuniform recovery of excitability in the generation of reentry by electrical stimulation in vivo. Therefore, we used transmural recordings to test the following hypotheses: 1) reentry occurs at the onset of electrically induced VF, 2) nonuniform dispersion of refractoriness is directly responsible for the generation of this reentry, and 3) the Purkinje fiber network is a crucial part of the reentry circuit.
Materials and Methods

Recording Electrodes
Forty plunge electrodes were held within an acetal plate (Delrin, Du Pont, Wilmington, Delaware) to form five columns and eight rows with 5 mm between adjacent plunges (Figure 1 ). Each plunge electrode was constructed from a 21-gauge needle with six re-FIGURE 1. Design of acetal plate for holding electrodes in fixed, known locations. Panel A shows the plate, which is made of 16 acetal bars, each 30 mm long and 6 mm high. Inner 14 bars are 2.5 mm wide, and outer two bars are 5 mm wide. Beginning 5 mm from the ends, 10 semicircles were cut on both sides of the 14 inner bars and on one side of the two outer bars. These semicircles are spaced 2.5 mm apart along length of bar and have diameters equal to that of a 21-gauge needle. The 16 bars are held together by two metal screws to form a 45 X 30mm plate. Semicircles on acetal bars match their counterparts to form a total of 135 (15 x 9) holes spaced 2.5 mm apart. Plunge electrodes were inserted into 40 of these 135 holes so that they were spaced evenly 5 mm apart (see Panel C) . The six holes on the two ends of the plate (arrows) are for holding sutures. One plunge electrode is shown inserted through plate. Panel B shows a side view of plunge electrode within plate. Plunge electrode was constructed from a 21-gauge needle with six recording electrodes 1 mm apart connected to make three bipolar recordings. Thus, distance between centers of bipolar pairs is 2 mm. Locations of bipolar recording electrodes were determined by measuring depth of penetration of plunge needles into ventricular cavity immediately after the study. Panel C shows acetal plate from epicardial side to demonstrate the holes in which electrodes were placed. Holes with Arabic numbers indicate site of insertion of endocardial stimulation electrodes with odd numbered holes as site of anode. The other 40 holes are sites of insertion of plunge needles. Each plunge needle is identified by specifying its column (Roman numeral) and row (letter) . Recording electrodes for which ventricular refractory periods following S, stimulation were determined are enclosed within dotted rectangle. Electrodes were inserted so that upper edge of plate was located within 1 cm of pulmonary valve. Edge of plate nearest the anterior interventricular groove was parallel to and 1-2 cm to the right ventricular side of left anterior descending coronary artery.
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cording terminals 1 mm apart connected to make three bipolar recordings. These 40 electrodes were inserted into the right ventricle to make 120 simultaneous endocardial, myocardial, and epicardial recordings in a 5 X 20 X 35-mm 3 volume of tissue. Surface ECG leads I, II, and in were also recorded. The signals were sampled digitally at a rate of 1,000 samples per second, 20 with the low pass filter set at 500 Hz and the high pass filter at 0.1 Hz. The data were stored on videotape for off-line analysis. 21 
Surgical Preparation
Seven mongrel dogs (mean weight ± standard deviation [SD], 17.7 ± 1.3 kg) were anesthetized with pentobarbital (30-35 mg/kg) 22 and succinylcholine (1 mg/kg). Each was intubated with a cuffed endotracheal tube and ventilated with 30-60% oxygen through a Harvard respirator (Harvard Apparatus, South Natick, Massachusetts). Ringer's lactate was continuously infused and supplemented with potassium chloride, sodium bicarbonate, and calcium chloride when indicated. Via a separate intravenous line, pentobarbital was infused at a rate of approximately 0.05 mg/kg/min throughout the experiment to achieve adequate anesthesia. The dose of pentobarbital was adjusted according to the depth of anesthesia assessed by signs such as shivering, eyelid reflexes, and pedal reflexes. 22 An arterial line was inserted into the femoral artery, and the systemic blood pressure was continuously displayed on an oscilloscope. Blood was withdrawn to determine the pH, Poj, Pco?, and CO 2 content, base excess, and bicarbonate, sodium, potassium, and calcium concentrations. Normal metabolic status was maintained throughout the study by taking blood samples every 30 to 60 minutes and correcting any abnormal value.
The chest was opened through a median sternotomy, and the heart was suspended in a pericardial cradle. The sinus node was crushed by applying a Pean hemostatic forceps at the junction of the superior vena cava and right atrium. The 40 plunge electrodes in the acetal plate were inserted simultaneously into the right ventricle by pushing the plate directly onto the heart. The upper edge of the plate was kept close to the pulmonary artery so that the uppermost row of the recording electrodes was within 1 cm of the pulmonary valve. The upper and lower edges of the plate were then fixed to the heart with six 3-0 sutures ( Figure 1A ).
Subendocardial pacing was performed via copper wires (American Wire Gauge #34, Belden, Chicago, Illinois) that were insulated except at the tip. The wires were threaded through a 23-gauge needle with the tip of the wire bent to form a 1-2 mm barb and inserted through the plate with the needle. The needle was then removed and the wires pulled back to anchor on the endocardium. Electrical stimuli were given through these wires from a constant current source (model 305-R, World Precision Instruments, New Haven, Connecticut), controlled by a stimulator. 23 For baseline stimulation (S,), two wires were inserted into the right ventricular upper corner of the plate in two dogs (Figure 1C, electrodes 1 and 2), to the center of the right ventricular edge of the plate in three dogs ( Figure 1C , electrodes 3 and 4), and to the lower corner of the edge of the plate closest to the left ventricle in one dog ( Figure 1C , electrodes 5 and 6). Premature stimulation (S 2 ) was always given at the center of the mapped region ( Figure 1C , electrodes 7 and 8) so that the S, and S 2 stimulation sites were different.
Terminology
The term "effective refractory period" (ERP) in this study refers to the shortest S,-S 2 interval for which a premature stimulus given to the center of the mapped tissue induced a propagated response. The strength of the S 2 stimulus varied from 2 to 100 mA and was always greater than twice diastolic threshold. The term "ventricular refractory period" 12 refers to the shortest coupling interval between the driving and premature stimulus for which a twice-diastolic premature stimulus given at a recording electrode induced a propagated response. Ventricular refractory periods were determined individually at 54 of the recording electrodes. The term "ventricular multiple response threshold" is defined as the lowest S 2 stimulus strength that induced multiple (repetitive) responses. The VF threshold is the lowest S 2 stimulus strength that induced VF.
Experimental Protocol
Six dogs were used to study the induction of ventricular repetitive responses or VF. After amplifier gains were automatically adjusted, recordings were made during paced rhythm. Following 10 S, basic drive stimuli of 0.4-mA strength, a 5-msec S 2 premature stimulus of 10-mA strength was given with anode on site 7 and cathode on site 8 of Figure 1C . To minimize amplifier saturation, all channels were switched to minimum gains 3 msec before the onset of S 2 and then switched back to original gain settings at the end of the S 2 pulse. 24 The vulnerable period of the cardiac cycle was scanned beginning with an S r S 2 interval of 100 msec and then increasing the interval 5 msec at a time until a propagated response was induced by the S 2 stimulation. The shortest S r S 2 interval that resulted in a propagated response was defined as the ERP of the 10-mA S 2 stimulation for a 5-msec pulse. The S,-S 2 interval was then increased in 5-msec increments until VF was induced or the S,-S 2 interval was 100 msec longer than the ERP. If VF was not induced, the S 2 stimulus strength was increased 10 mA, and the vulnerable period was scanned with the same protocol until an S 2 of 100 mA was reached. ERP was determined for each strength of S 2 stimulation. Any SrS 2 interval that resulted in multiple extrasystoles was either repeated several times or was increased or decreased in 1-msec intervals for 10 msec to attempt to induce VF. If VF did not occur with an S 2 of up to 100 mA, the pulse width was increased to 10, 20, or 30 msec and the protocol repeated until VF was induced. To ascertain that VF was sustained, the dog was allowed to fibrillate without attempting resuscitation.
In the last four of the six dogs, the ventricular refractory period at twice diastolic threshold was determined at 54 of the recording electrode sites before proceeding to the above pacing protocol. Cathodal stimulation of 5-msec duration was performed through the pole of the bipolar recording electrode pair that was closer to the endocardium and with the anode connected to the right leg. The minimal cathodal diastolic pacing threshold was determined for each of the 54 electrodes on the inner three columns and six rows of the plunge electrode array enclosed by the dashed rectangle in Figure  1C . Following 10 S| stimulations at a cycle length of 400 msec, a 5-msec premature stimulus at two times the cathodal diastolic pacing threshold was given to one of the 54 electrodes. The coupling interval between the last S, stimulus and the premature stimulus was increased or decreased 5 msec at a time until the shortest interval that induced propagated ventricular responses was determined. This interval was taken as the ventricular refractory period at twice diastolic threshold for that recording electrode site. This procedure was repeated for all 54 electrodes.
Because one of the main purposes of this study was to test the nonuniform dispersion of refractoriness hypothesis, the experimental protocol followed that reported by Han et al. n In that study, after crushing the sinoatrial node, the ventricles were driven through bipolar electrodes near the pulmonary conus, and a bipolar test stimulus was given 8 mm away. The local ventricular refractory periods were determined and were defined by the interval from the S, activation (V.) to the time of the earliest premature stimulus that induced a propagated response. Ventricular vulnerability was represented by the ventricular multiple response threshold, not the VF threshold. We have by and large followed this experimental procedure, except that 1) we determined the VF threshold also so that we could compare the patterns of activations at the onset of VF to that at the onset of ventricular repetitive responses; and 2) we used shorter S 2 pulses (5 msec instead of 10 msec) to minimize the duration of the stimulus artifact. We defined the ventricular refractory periods differently to better represent the recovery of excitability at the time when S 2 stimulation was given. The ventricular refractory periods according to the definition of Han et al can be derived by subtracting the S,-V, interval from the ventricular refractory periods measured in our protocol.
A seventh dog was used to study the effect of S,-S 2 interval and S 2 strength on the patterns of activation. Two pairs of stimulating wires were used: one pair was inserted in the center of the plate for S 2 stimulation, with site 7 as anode and site 8 as cathode; the other panwas inserted at sites 3 and 4 of Figure 1C for S, stimulation. The S 2 strength was set at 40 mA, and the ERP for stimulation at this strength was determined by progressively increasing the S,-S 2 interval, beginning with 100 msec. The effects of different S,-S 2 cycle lengths on the cardiac activation pattern were examined by the following procedure. After the last S, stimulus, a 40-mA S 2 stimulus was given with an S r S 2 interval equal to the ERP. The S i -S 2 interval was then increased 2 msec at a time until it was 50 msec longer than the ERP. Next, the ERP for a 40-mA S 2 stimulation was redetermined in case it had changed as the experiment proceeded. To test the effect of S 2 strength on cardiac activation, premature stimuli of different strengths were given with the S,-S 2 interval fixed at 20 msec longer than the redetermined ERP. An S,-S 2 interval 20 msec longer than the ERP was used because in the first six dogs this was the approximate interval at which repetitive responses were most commonly induced. The first S 2 stimulus given was 2 mA in strength, and S 2 strength was then increased 2 mA at a time until 50 mA was reached.
Histological Examination
Immediately after all seven experiments, the heart was excised and weighed. The electrode array and the tissue underneath it were excised from the rest of the heart. The endocardial surface was inspected to confirm the location of the stimulation electrodes and was then stained immediately with Lugol's solution to locate the Purkinje fibers. 25 A photograph of the endocardial surface was taken. The depth of penetration of the plunge electrodes on the endocardial surface was used to determine the actual location of the plunge electrodes and to correlate each recording layer with the fiber orientation at that layer. The recording electrodes were then removed, and the tissue was fixed with formalin. Serial sections were taken every 0.5 mm parallel to the epicardium in six dogs and perpendicular to the epicardium in one dog. The sections were stained with hematoxylin and eosin to determine the fiber orientation throughout the region where recordings were made. The amount and location of tissue damage induced by the plunge electrodes were determined.
Data Analysis
The recordings from each channel were displayed on a computer terminal (model 4014, Tektronix, Beaverton, Oregon). In the first six dogs, one activation immediately before the S 2 stimulation and all activations induced by the S 2 stimulation were identified for episodes with the S,-S 2 interval equal to the ERP for S 2 stimulation. Also analyzed were episodes of repetitive responses, episodes with S r S 2 intervals 10 and 20 msec shorter and longer than the intervals that induced repetitive responses, episodes with intervals 10 and 20 msec shorter than intervals that induced VF and the first 30 activations after the onset of VF. The criteria for identification of repetitive responses were based on the surface ECG recordings. If premature stimulation did not induce repetitive responses on the surface ECG but did induce repetitive activation near the site of premature stimulation that did not propagate to the rest of the ventricles, this episode was classified as having an aborted repetitive response. For the seventh dog, all premature stimulations with or without repetitive responses or VF were analyzed. The time selected for each activation was the peak value for complexes that either were primarily monophasic with a single maximum or minimum or were multiphasic with multiple maxima or minima if one of the extremes was greater than the others. The fastest slope was selected for complexes that were primarily biphasic with a maximum and minimum approximately the same size. All complexes were selected, even very small ones, so that some times selected may not represent a propagated activation front but may represent either electrotonus and local response, in which the myofibers around the recording electrode were weak electrical generators, or field effect, in which potential differences at the recording electrode were generated by ionic current flow arising from activation fronts in myofibers away from the recording electrode. 27 Isochronal maps were drawn for all complexes analyzed. 28 A heavy bar was drawn to indicate unidirectional block between neighboring electrodes if 1) activation times differed by more than 55 msec and 2) electrodes in the surrounding area exhibited sequential activation that was compatible with a complete reentrant loop. If there was no block between neighboring electrodes, then a 55-msec time interval between activations at adjacent electrodes would represent a conduction velocity of 0.09 m/sec, slightly less than the minimal reported conduction velocity of 0.1 m/sec in the canine ventricle. 29 " 31 Since the precise location of the region of block was not known, the heavy bar was arbitrarily drawn halfway between the two electrodes. Heavy bars were also used to represent the "frame lines" between sequential isochronal maps. The term "frame line" is used to indicate that the activation front does not stop at the line but continues to propagate beyond the line as shown in the next map or "frame." The frame lines are required to represent reentry, in which activation fronts are continuously present, by a series of isochronal maps. To display the patterns of the ventricular refractory period at twice diastolic threshold following S, stimulation, isorefractory maps were drawn. The dispersion of refractory periods following S, stimulation was determined by subtracting the shortest ventricular refractory period from the longest ventricular refractory period at twice diastolic threshold for that episode of premature stimulation.
Student's t test, 32 " the correlation coefficient, 33 and the analysis of variance (ANOVA) 34 were used to analyze the differences of the means. The null hypothesis was rejected for p < 0.05.
Results
A total of 310 episodes of premature stimulation was analyzed, including six episodes of the onset of VF and 30 episodes of repetitive responses. VF was induced in each of the first six dogs studied. The results for these animals are presented first, followed by the results for the seventh dog.
Origin of Excitation During Premature Stimulation
At the site of S 2 stimulation (sites 7 and 8 in Figure  1C ), the stimulation threshold was 0.1 mA in four dogs and 0.2 mA in two dogs. Thus, the strength of S 2 stimulation (10-100 mA) was 100 to 1,000 times diastolic threshold for bipolar stimulation at the center of the tissue studied. For five of the six dogs, as premature stimulation was given at progressively longer coupling intervals during the relative refractory period, the site of the earliest recorded activation following the premature stimulation moved from the site of S, stimulation where the cells were less refractory toward the area between the anodal and cathodal S 2 electrodes (Figures 2 and 3 ). Figure 2 shows the activations recorded by the midmyocardial electrodes of the fourth row (row D) when the S r S 2 coupling interval was increased from 160 to 190 msec. The latency, defined as the time between the S 2 stimulation and the time of activation at a recording electrode, in both channels progressively decreased as the S,-S 2 coupling interval progressively increased. When the S r S 2 coupling interval increased to 190 msec, no activation was observed after S 2 in channel HID. This is because the latency was so short that this activation overlapped with the S 2 stimulus artifact. We call this phenomenon "direct depolarization" and assign the activation time recorded from this channel the value 0 msec. Direct depolarization is represented by a triangle. Figure 3 shows isochronal maps during premature stimulation indicating that earliest activation moved toward the S 2 stimulation site and decreased in latency with decreasing prematurity of S 2 . In Panel A, activation following a 0.4-mA Sj stimulus first occurred near the site of S] stimulation and then spread across the mapped region. Panel B shows distribution of ventricular refractory periods at twice cathodal diastolic threshold following S, stimulation. The maps bear some similarity to the S, activation sequence with exceptions (open arrow) where the ventricular refractory periods were shorter than expected based on the activation sequence. The correlation coefficient between the activation times and the ventricular re-fractory periods was significant but weak (r = 0.69, p = 0.0001). Panel C shows activation after S 2 stimulation with an S r S 2 interval of 160 msec, which was the ERP for an S 2 stimulus of 10 mA. The site of earliest recorded activation was at the edge of the mapped region closest to the S, stimulation site. Thus, the origin of excitation was either at the edge of or outside the tissue studied. Latency was 41 msec for the earliest activation site. Panel D shows activations after S 2 stimulation with an S,-S 2 interval of 170 msec. Earliest recorded activation moved toward the site of S 2 stimulation, with a latency of 22 msec. Panel E shows activations after S 2 stimulation with an S r S 2 interval of 180 msec. Only the first poststimulus activation is shown. The site of earliest activation was at the same site. The site of earliest activation following S 2 stimulation in Panels D and E exhibited an S,-S 2 interval that ENDOCAROIUM EPICAROIUM was shorter than its experimentally determined ventricular refractory period, indicating that the strength of stimulation by S 2 at that site was higher than twice diastolic threshold. Thus, estimation of recovery of excitability by stimulating directly at the site with twice cathodal diastolic threshold did not, by itself, predict tissue responsiveness to strong distant premature stimulation. In Panel F, with an S 2 stimulus given 190 msec after the last S, stimulation, excitation originated between the anodal and cathodal S 2 stimulus electrodes. The latency for the earliest activation sites was zero.
Reentry and Onset of Electrically Induced Ventricular Fibrillation
The ventricular multiple-response threshold ranged from 10 to 70 mA (mean ± SD, 43 ± 24 mA), and the VF threshold ranged from 20 to 80 mA (47 ± 24 mA). The differences were not statistically significant (p = 0.17). In three dogs, all of which had S, pacing sites 3 and 4 ( Figure 1C ), VF was induced by a 5-msec pulse. For the other three dogs, VF was induced by S 2 pulses of 10 msec in one dog, 20 msec in another, and 30 msec in the third. In these three dogs, the ERP of 5msec pulses (194 ± 12 msec) was significantly longer than that of 10-, 20-, or 30-msec pulses of the same strength (179± 15 msec, /?<0.001).
Complete reentry pathways were mapped in five of the six dogs. Figure 4 shows selected recordings from the endocardial layer of electrodes in one of these dogs for different S,-S 2 intervals. Panel A shows selected recordings with an S,-S 2 interval of 175 msec. The time between the activations at sites UF and DIE was 19 msec as indicated at the bottom. Panel B shows recordings with an S,-S 2 interval of 180 msec. The difference between IIF and HIE increased to 42 msec, and a second complex was recorded by IIF. Panel C shows recordings with an Si -S 2 interval of 190 msec. Corresponding isochronal activation maps are shown in Figure 5 .
The difference between the activation times at sites IFF and DIE was 60 msec. Panel D shows recordings with an S,-S 2 interval of 200 msec. The difference between the times of activation of IFF and DIE was 89 msec,, accompanied by reentry and a propagated activation that was recorded by the ECG as a repetitive response. Panel E shows recordings with an S r S 2 interval of 201 msec, which induced VF. The difference in activation times between ITF and ME was increased to 94 msec. The activation front was able to reenter repeatedly and cause VF. For channel IID, which had recorded the earliest poststimulation activation with shorter S,-S 2 intervals, the activation was superimposed with the stimulus artifact at the S,-S 2 interval of 201 msec, compatible with direct depolarization by the electrical field of the S 2 stimulus. Figure 5 shows activation patterns for the same episodes. Panels A and B show that there was a moderately good correlation between the activation times and ventricular refractory periods measured at twice diastolic threshold (r = 0.74, p = 0.0001). When the S r S 2 interval was equal to the ERP of a 40-mA S 2 stimulation ( Figures 4A and 5C ), the site of earliest capture was again toward the site of S| stimulation and conduction was slowed toward the site of S 2 stimulation. A double complex was observed at recording site HE, one at 69 msec and the other at 106 msec. The second activation time is shown in italics under the first. Since it is unlikely that ventricular cells can activate twice within 37 msec, one or both of these complexes may represent electrotonus or field effect from activations occurring in tissue slightly away from the recording site.
Panel D shows the site of earliest activation (arrow) was nearer the S 2 site and exhibited a latency of 21 msec. The activation front conducted around an arc of block (shown by the heavy black bar) to the other side of the mapped region. The activation front then coalesced and activated the tissue around the S 2 site 105-114 msec after the time of S 2 stimulation. The second of the double complexes recorded just to the S, side of the arc of block (times shown in italics) may represent electrotonus or field effect generated by the late activation front on the S 2 side of the arc of block or may represent reentry of this activation front that only propagated to the electrodes with double complexes before blocking.
Panel E shows that by lengthening the S,-S 2 interval, the time of activation at the S 2 site was slightly delayed. For example, activation at site IIIE increased from 105 msec (Panel D) to 109 msec. Concurrently, the time of activation shortened at neighboring channels on the opposite side of the arc of block. For example, the earlier complex at site IIF decreased from 63 msec (Panel D) to 49 msec. Double complexes were recorded from more channels, but again, activation did not propagate further to cause a repetitive response.
Panel F shows that when the S,-S 2 interval was increased to 200 msec, the time of the first activation at electrode HJE increased from 109 msec (Panel E) to 124 msec, and the time of activation at site IFF de-creased from 49 msec (Panel E) to 35 msec. This time difference between the first activation of channel ITF and the activation of channel ITIE thus increased to 89 msec. The difference appears to be sufficient for the myocardium to recover and allow reentrant activation to propagate and generate a single repetitive response (Panel G) before halting.
Panel H shows that when the S r S 2 interval was further increased by only 1 msec, the time of activation near the site of S 2 was slightly decreased or unchanged, but the first activation time at site IIF decreased from 35 msec (Panel F) to 27 msec. The difference between the activations of channel IIF and channel ME thus increased to 94 msec. The reentrant activation front was able to propagate for multiple cycles, of which the next two are shown in Panels I and J, and cause VF.
As the S r S 2 interval was increased, the following changes were observed ( Figures 5D, 5E , 5F, and 5H): 1) The origin of excitation moved toward the S 2 site. 2) The times of activation at the electrodes near the S 2 site gradually increased.
3) The times of activation away from the S 2 site gradually decreased. Following S 2 stimulation, activation originated in the region between the S, and S 2 sites. Activation fronts then spread away from the S, site toward the opposite side of the mapped region around the sides of an arc of block near the S 2 site to form a "figure-of-eight" pattern. The activation fronts coalesced to activate the region at the S 2 site and then in some cases ( Figures 5G and 51 ) reentered the tissue toward the S, site. The frame line in Panel H could have been drawn in between electrodes IID and MD if we assume that cells near electrode IID were directly depolarized by the S 2 stimulus ( Figure 4E ), while cells near HID were not. The problems in differentiating direct depolarization from absence of activation are considered in the "Discussion."
In Panels E, F, and H of Figure 5 , unidirectional conduction block is designated between the early and late sites of the figure of eight. Instead of unidirectional block, an alternative possibility is that activation conducted very slowly directly from the early to the late site. The difference in activation times between the adjacent early and late sites in these six dogs averaged .91 msec (range 57-124 msec) for episodes with repetitive responses or VF. Assuming that an activation front traveled perpendicular to the line connecting the early and late sites, this time difference translates into a conduction velocity of 0.057 m/sec (range 0.040-0.088 m/sec). If the activation front does not travel perpendicular to the line, conduction velocity is even slower. Since the slowest conduction velocity reported in the canine ventricle is approximately 0.1 m/sec, 29 " 31 unidirectional block is the more likely possibility.
For the five dogs in which the entire reentrant circuit was mapped, this circuit was present for an average of 1.36 seconds (range 0.15-2.75 seconds) lasting 9.6 cycles (range 2-16 cycles). The tissue was then activated by fronts entering the mapped tissue from other parts of the heart.
The above findings raise several questions: 1) What is the influence of the Purkinje fiber distribution on the Figure 4E . See text for further discussion.
patterns of activation at the onset of VF? 2) Are these findings compatible with the nonuniform recovery of excitability hypothesis? How do the ventricular refractory periods correlate with the patterns of activations? 3) Where is the origin of excitation at the onset of VF? Is it away from the site of S 2 stimulation where the earliest poststimulation activation is recorded or is the tissue around the S 2 site directly depolarized during the S 2 stimulus so that the first poststimulation activations recorded (95 to 137 msec in Figure 5H ) are really the second activations of the tissue around the S 2 site? 4) As expected, the time of activation away from the site of S 2 stimulation gradually became earlier as the latency decreased with increasing S r S 2 interval. Why does the time of the activation in the tissue near the site of S 2 stimulation become later (i.e., latency increases) with increasing S,-S 2 interval? Pertinent data are presented below.
Histological Findings
In all dogs, there was a rich distribution of Purkinje fibers in the tissue studied. While major branches were located at the lower edge of the plate, smaller branches extended well into the right ventricular outflow tract. During atrial paced rhythm ( Figure 6 ), activation within the acetal plate occurred first near the lower edge where major Purkinje fiber branches were located. Because the QRS complex was narrow with no evidence of block after atrial pacing, this figure should represent the patterns of activation resulting from excitation via the His-Purkinje system. Neither the Purkinje fiber distribution nor the pattern of activation illustrated in Figure 6 appears to be related to the figure-of-eight reentry pattern observed at the onset of VF. The finding that the activation fronts did not consistently conduct through the endocardium before passing through the overlying epicardium is another point against an important role of Purkinje fibers in the initiation of VF in this model ( Figure 5 ).
Microscopic examination revealed that cell necrosis was confined to those myocytes immediately adjacent to the holes left by the plunge electrodes. Interstitial hemorrhage, without myocardial necrosis, was present throughout much of the subendocardium. There was no evidence of tissue damage between the two poles of S 2 stimulation.
Relation Between Difference in Activation Times Across Region of Unidirectional Block and Occurrence of Arrhythmias
Repetitive responses and VF occurred only when there was a large difference in activation times between electrodes that were adjacent but on opposite sides of the region of block (Table 1) . Results for endocardial recording electrode sites HF and HE are shown for the three dogs in part I and the dog in part n with S, at sites 3 and 4 of Figure 1C . In all four dogs, these two electrodes were on opposite sides of the region in which block developed.
Episodes of VF and repetitive responses are included in the same group because the times of activation at electrode HIE (119±18 vs. 118 ±6 msec, p = 0.90) and UF (22 ± 13 vs. 28 ± 12 msec, p = 0.32) were not significantly different. Episodes are excluded in which no activation was recorded at electrode HE after the S 2 stimulation. The difference in activation times between electrodes HF and HIE was significant among all three groups. Thus, reentry arose only in the presence of a large difference in the times of activation at two adjacent myocardial regions. Figure 7 shows the relation between the ERPs of various S 2 strength and the ventricular refractory periods at twice diastolic threshold at the site of earliest excitation in those episodes. Among the early sites for arrhythmias recorded in the four dogs that had ventricular refractory periods determined at twice cathodal diastolic threshold, 17 followed S 2 stimuli of 5-msec duration and were located in the inner three columns and six rows of recording sites. These form the basis of this analysis. The strength of S 2 stimulation ranged from 10 to 100 mA. The mean ERP was 187 ±9 msec. However, the ventricular refractory periods for these early sites at two times diastolic threshold were significantly longer (196 ±15 msec, p = 0.0002). This result implies that the field strength of the stimulus at the early site is stronger than the field created by local stimulation at twice cathodal diastolic threshold. The two variables were correlated (r = 0.91, p < 0.0001), indicating that the coupling interval on the strength-interval curve at the point of twice diastolic threshold is roughly proportional to the coupling interval at the early site during the induction of arrhythmias, but this relation is inexact.
Ventricular Refractory Period and ERP at Site of Earliest Activation Following S 2 Stimulation
Effect of Increasing the S,-S 2 Interval
To investigate in more detail the effect of S 2 timing on activation, in the seventh dog we progressively increased the S r S 2 interval in 2-msec increments from the ERP of a 40-mA S 2 to 50 msec longer than the ERP (Figure 8 ). With an S r S 2 of 150 msec, earliest activation (arrow in Panel A) appeared following a latency of 49 msec and was at a site that was both along the long axis of the fibers with respect to the S 2 site and toward the S| site where the tissue was less refractory. At an S,-S 2 interval of 156 msec, latency was 34 msec and a figure-of-eight activation pattern was present without reentry. As the S,-S 2 interval was further increased, aborted repetitive responses and repetitive responses were observed. Increase of the S r S 2 interval to 184 msec and longer resulted in no reentry and loss of the figure-of-eight pattern.
Over most of the mapped region, activation times (latency) decreased as the S,-S 2 interval increased. At a few electrodes around the site of S 2 stimulation (electrodes HE, LUD, and WE), activation times increased as the S,-S 2 interval increased up to 172 msec ( Figure  8B) . Thus, the tissue near the S, site had more time to repolarize so that reentry could occur. Aborted responses were noted with S,-S 2 intervals of 164-172 msec, and repetitive responses occurred with S,-S 2 in-tervals of 178-182 msec. At S,-S 2 intervals of 174 and 176 msec, no activation was recorded by these electrodes, suggesting that the tissue either was suddenly directly depolarized by the S 2 field or else was not activated because of conduction block from the surrounding tissue. As the S,-S 2 interval was increased to longer than 182 msec, progressively more of the tissue around the S 2 site was directly depolarized by the field of the S 2 stimulation (350 msec, Figure 8A ), and no reentrant activations were recorded.
Effect of Increasing S 2 Strength
To investigate in more detail the effect of S 2 strength on activation and to gain insight into the mechanism by which high-current S 2 stimulation induces reentry, we progressively increased the strength of premature stimulation in 2-mA increments in the same dog (Figure 9 ). With 2-mA stimulation, earliest excitation was between the S, and S 2 sites and appeared with a latency of 25 msec (arrow). The spread of excitation was most rapid parallel to the long axis of the myocardial fibers. There was no evidence of unidirectional block at 2 mA. As the strength of stimulation was increased, conduction delay and block developed either with limited propagation of the wave front so that activation did not enter other parts of the heart (aborted repetitive responses; 8 mA, 10 mA, 14 mA, 20 mA, 22 mA, and 24 mA) or with propagation (repetitive responses; 12 mA, 16 mA, and 18 mA). For some electrodes near the Sj site (electrodes HE, WT>, and HIE), two activation complexes were often observed, consistent with a region of block. As S 2 strength was increased ( Figure  9B) , the time of the first activation complex recorded by electrode lllE gradually decreased from 40 to 0 msec, while the time of the second activation complex gradually increased from 60 to 127 msec. At 24 mA, only the second complex was observed; the first complex was superimposed on the stimulus artifact, suggesting direct depolarization by the field of S 2 stimulation. These results suggest that electrode EHE was near a site of conduction block and that the earliest activation complex was generated by tissue proximal to the block, while the later complex was generated by tissue distal to the block. Repetitive activation occurred with some S 2 stimuli with strengths greater than 10 mA and occurred consistently with S 2 stimuli greater than 32 mA. Repetitive responses probably occurred when the latter of the two activations was so delayed that the tissue proximal to the block was sufficiently repolarized to allow reentry and perpetuation of the activation front.
Discussion
Mechanisms of Onset of Electrically Induced Ventricular Fibrillation
In all but one of the VF episodes, three-dimensional isochronal mapping was consistent with a figure-ofeight reentrant pattern at the onset of electrically induced VF. After S 2 stimulation, activation was first recorded in the region between the sites of S, and S 2 stimulation ( Figure 5 ). Activation conducted toward the S, site but blocked toward the S 2 site. It then formed arcs around both ends of the region of block to excite the S 2 site from the side opposite the S, site. Activation then appeared to reenter the region between S 2 and S, and to continue as two mirror-image reentrant circuits: a clockwise loop above and a counterclock-wise loop below ( Figure 5 ). Activation during repetitive responses was similar except that propagation terminated spontaneously. In some cases ( Figure 5 , Table 1 ), aborted repetitive responses were induced with the same activation pattern as that of the onset of VF and repetitive responses, but the impulse did not propagate beyond the region around the site of S 2 stimulation. Analysis of the activation times between the early and late sites of the figure-of-eight loop revealed that VF and repetitive responses were induced only when the difference between the two regions was so large that the myocardium that activated earliest had probably recovered sufficiently to be excited by the late activation front from the adjacent myocardium near the site of S 2 stimulation (Table 1) . Thus, reentry occurs when the time for recovery is sufficiently prolonged so that a region of bidirectional block is converted into a region of unidirectional block. The lack of significant differences between VF and repetitive episodes in both the time of activation and isochronal maps, however, implies that there are other important factors about the mechanism of VF that were not detected by our mapping technique. Thus, figure-of-eight reentry around the site of S 2 stimulation appeared to be the mechanism of most electrically induced arrhythmias in this model. One of Mines' criteria for reentry 33 requires halting the arrhythmia by severing the pathway of reentrant excitation. It was not possible to satisfy this criterion because the circuit demonstrated at the onset of VF or repetitive responses was too evanescent to allow us to sever the pathway and see if the arrhythmia halted. El-Sherif and coworkers, who first reported the figure-of-eight activation pattern, 36 have shown, by cooling a portion of the pathway, that a stable, two-dimensional figure-ofeight pattern is caused by reentry. 37 While automaticity may be the mechanism of initiation of VF in some cases, such as when toxic doses of aconitine or strophanthin are given, 3* we did not observe automatic foci with electrical stimulation at the VF threshold. With much larger electrical stimuli, however, it is possible that damage to the myofibers or Purkinje fibers might create automatic foci. 39 To map the activation fronts in three dimensions, plunge electrodes spaced 5 mm apart were used. Plunge electrodes have been shown to cause only a small amount of damage histologically 40 ' 41 and to not alter the activation sequence significantly. 42 If the plunge needles did have an effect, it would probably be to increase the fragmentation of the activation fronts and to increase the likelihood of conduction block because of nonuniform recovery of excitability. Large, coherent activation fronts were mapped, and block secondary to nonuniform recovery of excitability was not observed. Therefore, we believe the results of this study were not markedly influenced by the recording technique.
Problems of Selecting Activation Times
Differentiation between real activation and electrotonus or field effect near the site of conduction block is difficult. For example, in Figure 4B , channel FJF, activations labeled 63 msec and 116 msec are both sharp deflections of similar size, yet it is unlikely that the same cell can activate twice in 53 msec. Thus, only one of the two complexes may represent activation; the other may indicate electrotonus or field effect from a nearby activation front. It is also possible that neither complex represents an activation. It is even possible that block occurred between the poles of the bipolar electrode so that both complexes represent activation, each from a different activation front. Although there are criteria to help identify activations in normal rhythm, no satisfactory criteria are available for bipolar recordings to differentiate activation from electrotonus or field effect during arrhythmias. A minimal size criterion, which specifies activation if the size of the complex is greater than a certain voltage, may not be precise because, theoretically, an activation front can generate a very small complex if it is traveling perpendicular to the line connecting the two poles of the bipole. In this study, we chose to present the times of all deflections that could represent activation without making a judgment of which ones were real. This uncertainty does not prevent conclusions about the mechanisms of vulnerability. For example, the frame line at the endocardial layer in Figure 5H could be drawn between electrodes IIF and IIG instead of between IIE and ELF, if the activation labeled 27 msec is eliminated from electrode site IIF. This change does not affect the figure-of-eight reentrant pattern, however. We feel that by presenting the times of all deflections, the readers are brought one step closer to the original data.
Another problem in selecting activation times is to differentiate between direct depolarization and graded response. For most electrode locations, the latency progressively decreased between the S 2 stimulus and the following activation as the S, -S 2 interval was increased. When the S, -S 2 interval was increased to the point that, by extrapolation, the latency should have been zero, no activation was observed. We called this last phenomenon "direct depolarization" (Figures 2  and 9 ) to indicate that the cells were depolarized directly by the stimulus field and not by conduction. Absence of activation, however, does not necessarily indicate direct depolarization; a graded response without full-fledged activation is another possibility. * The refractory period may be prolonged both following a graded response or following a full action potential. As shown in Figure 8 for coupling intervals of 150-182 msec, with increasing S, -S 2 interval, the latency around the S 2 site prolonged, which could have been caused by a graded response. At a constant stimulus strength, the graded response becomes larger as the coupling interval increases. Thus, the prolongation of refractory periods by the graded response should increase with the increasing coupling interval, giving rise to the pattern seen from 150 to 182 mesc in Figure  8 . According to this explanation, the activation complex following S 2 stimulation was the first full action potential at this site since S 2 stimulation caused a graded response. At some coupling interval greater than or equal to 184 msec, the region around the S 2 site was sufficiently recovered that a full action potential occurred instead of a graded response. At that interval and at greater S,-S 2 coupling intervals, the tissue around the S 2 site was directly depolarized by the electrical field of the S 2 stimulus.
An alternative explanation is that the S 2 stimulation directly depolarized the electrode site shown in Figure  8B at all coupling intervals. According to this explanation, the activation complex following S 2 stimulation was the second full action potential at this site since the first occurred during S 2 stimulation. The activation following S 2 stimulation occurred later as the S r S 2 interval increased because the refractory period following the S 2 depolarization is a function of the S,-S 2 interval; the longer the S, -S 2 interval, the longer is the refractory period following the S 2 activation. 47 According to both explanations, the refractoriness of the tissue near the site of S 2 stimulation was prolonged either by graded response or by direct depolarization, forming the basis of unidirectional block and reentry. The reason for absence of reentrant activations with coupling intervals of 172 and 174 msec is unclear with either interpretation. At present, there are no good criteria to differentiate direct depolarization and graded response in intracellular recordings, and thus more than one interpretation often coexists for the isochronal maps.
Differentiation between direct depolarization and graded response, however, is less difficult in other circumstances. For example, in Figure 9 , the progressive decrease in the time of the first poststimulus complex with increasing stimulus strength is consistent with the interpretation that tissue giving rise to this complex is directly depolarized by stimuli greater than 22 mA. The progressive increase in the time of the second poststimulus complex with increasing stimulus strength in Figure 9B is consistent with the interpretation that the tissue giving rise to this complex is undergoing a graded response with stimuli of 2-22 mA. At a constant coupling interval, the graded response becomes larger as the stimulus strength increases. 46 Accordingly, the prolongation of refractoriness by the graded response should increase as stimulus strength is increased, giving rise to the pattern seen in the second poststimulus complex in Figure 9B . In this example, it is more apparent that the region responded to premature stimulation both by direct depolarization and by graded response.
Nonuniform Dispersion of Refractoriness and Reentry
Nonuniform dispersion of refractoriness refers to the changes in rate of recovery of excitability from point to point within a region. Ventricular refractoriness may be dispersed uniformly or nonuniformly. When dispersed uniformly, refractoriness changes monotonically and approximately the same amount over a given distance in all directions and at all points. When dispersed nonuniformly, refractoriness changes at different rates at different sites and in different directions and may not change monotonically. There may be different degrees of nonuniformity depending on how much the refractoriness changes with distance. The recovery of excitability has been shown to become more nonuniform following premature stimulation. 910 According to the nonuniform dispersion of refractoriness hypothesis, premature stimulation gives rise to activation fronts that block when they encounter a region in which the dispersion of refractoriness is highly nonuniform.
Activation fronts cannot conduct from myocardium with high excitability into adjacent myocardium with low excitability so that unidirectional block occurs. The tissue of low excitability is activated later via conduction along other pathways after it has had time to become less refractory. If this activation is so late that tissue proximal to the region of unidirectional block has had time to recover, reentry occurs.
Our results do not indicate that reentry is induced by this mechanism during premature electrical stimulation with Si and S 2 sites in different locations. The location of unidirectional block and the pattern of activation after premature stimulation were not strongly related to the nonuniform recovery of excitability (Figure 5 ). One reason for this discrepancy is that unidirectional block does not occur after activation fronts have arisen from the site of premature stimulation and propagated for some time following the premature stimulus. Rather, unidirectional block appears to be present from the onset of activation following the premature stimulus, and earliest recorded activation may not be at the site of stimulation ( Figure 5 ). Thus, the effective strength of the premature stimulus away from the actual site of the S 2 electrodes is also an important determinant of the occurrence and location of unidirectional block and reentry. The origination of ventricular arrhythmias away from the actual site of the S 2 stimulation has also been reported by others. 16 The ventricular refractory periods at twice diastolic threshold may not adequately estimate tissue responsiveness to the S 2 stimulus used to induce VF. The S 2 strength used to induce VF is usually tens to hundreds of times stronger than the diastolic pacing threshold. 49 " 51 The strength of the potential gradient field produced by the S 2 stimulus varies from point to point throughout the tissue. It decreases with increasing distance from the site of stimulation and is also influenced by characteristics of the stimulating electrodes including the number, polarity, and size of the contacts, and volume conductor characteristics of the tissue such as anisotropy of myocardial conductivity. 32 Thus, the effective strength of the S 2 stimulus is much greater than twice diastolic threshold near the S 2 site and much less than twice diastolic threshold distant from the S 2 site. Because of the differences in effective stimulus strength, there was a large variation in the position along the ordinate of the strength-interval curve for the different cells composing the mapped region. Prediction of the response of different regions following the S 2 stimulus is further complicated because 1) the strength-interval curve may be different for different cells, 2) the strength-interval curve is different for stimuli of different duration, and 3) the response to a given strength of potential gradient along the long axis of myocardial fibers may be different than that across fibers. Thus, it is not surprising that the response of the tissue was not well predicted by the spatial distribution of the single value of the ventricular refractory period at twice diastolic threshold. The strength of the stimulus field at that site is also important. The origin of excitation after premature stimulation tends to occur where the stimulus field is strong and the fibers are less refractory.
Nonuniform Dispersion of Refractoriness and the Location of Conduction Block
As expected, the dispersion of refractory periods at twice cathodal diastolic threshold was a function of the dispersion of activation times, which, in turn, was a function of the site of S, stimulation (Figures 3 and 5 ). Since the region around the S, pacing site was activated earlier, the recovery of excitability was earlier for cells near the pacing site and later for cells farther away. These relations are shown by the correlation coefficient between the activation times following S, and the recovery of excitability, which varied from 0.58 to 0.83. While significant, these correlations are not strong, confirming that the duration of time from stimulation to recovery of excitability is not identical for all myofibers. 56 These differences, together with nonuniform conduction velocity during the spread of activation, cause the dispersion of the recovery of excitability to be nonuniform; that is, the difference in the recovery of excitability was greater between some adjacent electrodes than others.
If the nonuniform dispersion of refractoriness was the sole factor determining the response to premature stimulation and the site of unidirectional block, then activation should conduct away from the site of S 2 stimulation in all directions with faster conduction velocity in regions with earlier recovery of excitability, and block should occur between electrodes with large differences in the recovery of excitability. No evidence was found to indicate that the nonuniform dispersion of refractoriness was crucial for the induction of reentry.
In six of the seven experiments, unidirectional block appeared to occur simultaneously with the S 2 stimulus ( Figure 5 ). Reentry was never observed to occur by activation spreading in all directions away from the site of earliest activation after the S 2 stimulus and then blocking some time later when part of the activation front propagated into a region of greater refractoriness. 10 Also, the arc of block was not always in a region with the largest dispersion of refractoriness. Instead, the interaction of the electrical field of the S 2 stimulus with the broad, general dispersion of refractoriness across the mapped region appeared to be the crucial factor for the induction of reentry. Thus, knowledge of the dispersion of refractoriness,
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whether at twice diastolic threshold or at some higher constant stimulus strength, is not sufficient to predict whether an arrhythmia will occur or to predict the sites of early activation and block following premature stimulation; knowledge of the distribution of the S 2 electrical field is also required. Also, because the origin of excitation during premature stimulation may be distant from the site of S 2 pacing ( Figure 5 ), measuring the dispersion of refractoriness only in areas immediately adjacent to the site of S 2 stimulation may not detect the area surrounding the earliest activation sites and so may not include the region in which block occurs.
Graded Response Hypothesis for Mechanism of Reentry
An alternative to the nonuniform dispersion of refractoriness hypothesis is needed that can account for the above findings as well as for the delay in the occurrence of activation at the S 2 site with increase in the S,-S 2 interval ( Figure 8 ) or increase in the S 2 strength (Figure 9 ). Such an alternative hypothesis is represented schematically in Figure 10 . Figure 10A shows an idealized strength-interval curve to which has been added the assumed location of the region where a graded response with prolongation of refractoriness occurs. Although not indicated in the figure, the degree of graded response and prolongation of refractoriness is not constant but is a function of stimulus strength and coupling interval. For purposes of illustration, the repolarization sequence in Figure 10B is assumed to be similar to the depolarization sequence in Figure 5A , although our results indicate this correspondence is not exact. The solid lines represent different degrees of refractoriness at one point in time after S, stimulation. For earlier time points, the particular refractory levels would be closer to the S, site, and for later time points, they would be farther away. Because of the effects of fiber orientation on the potential generated by S 2 stimulation and on the potential gradient necessary for excitation, the isolines of S 2 field strength for excitation are elliptical. In Figure IOC , the hatched region indicates those cells that are sufficiently recovered and are located where the S 2 field is sufficiently strong so that the interaction of these two factors allows activation to occur. The black region indicates those cells that are not activated but where.a graded response occurs* that prolongs the refractory periods of the cells. The prolongation of refractoriness by a stimulus given in the relative refractory period has been reported both for animals" and for humans. Poststimulus activation conducts away from the border of the directly depolarized region, arcs around both sides of the region of unidirectional block where refractoriness is prolonged by the graded response, enters the blocked region from the site opposite S, after it is no longer refractory, and, if the cells have had time to recover, reenters the region directly depolarized to form a figure-of-eight reentry pattern ( Figure 10D ). Because the magnitude of the graded response and the resulting prolongation of refractory period is a function of both the strength of stimulation and the S r S 2 interval, increasing either the S 2 strength or the S,-S 2 interval 1) increases the amount of time before the black region in Figure 10 can be activated and thus delays activation around the S 2 site as seen in Figures 8 and 9 and 2) increases the area directly depolarized and thus eventually directly depolarizes the site of S 2 stimulation as also seen in Figure 8 and 9. Further increase of the S,-S 2 interval eventually results in no unidirectional block because even the tissue on the side of the S 2 site opposite the S| site is sufficiently repolarized to be excited directly by the S 2 stimulus and no graded response occurs anywhere throughout the tissue.
Graded responses are assumed not to occur at the periphery of the mapped region for the stimulus strength used in this study. Therefore, the peripheral tissue could be excited by conduction of the activation fronts following S 2 . The time of activation at the periphery correlates negatively with the S, -S 2 interval and with stimulus strength because 1) the tissue is more repolarized in the case of increasing S,-S 2 inter-val so that conduction velocity is faster or 2) the region directly depolarized is larger with both increased stimulus strength, as well as increased S,-S 2 interval, so that activation has less far to travel. Thus, as the stimulus strength or coupling interval increases, the tissue away from the S 2 site is activated progressively earlier ( Figures 8A and 9A) . The opposite effect on activation times at the S 2 site and at the periphery causes the increasing discrepancy between the activation times near and distant to the S 2 site and leads to reentry at certain S,-S 2 intervals and S 2 strengths. Thus, this hypothesis does not require nonuniform dispersion of refractoriness; a uniform dispersion of refractoriness is sufficient.
Comparison of the Two Hypotheses
While the nonuniform dispersion of refractoriness hypothesis emphasizes refractoriness preexisting at the time of S 2 stimulation, the graded response hypothesis emphasizes the interaction of the S 2 stimulus field with the preexisting state of refractoriness. By prolonging refractory periods in a region of graded response adjacent to the directly depolarized region, the stimulus field has an effect similar to that of a sudden nonuniformity of refractoriness, that is, unidirectional block.
The graded response hypothesis accounts only for the patterns of activation at the onset of repetitive responses or VF with S, and S 2 at different sites. After the first few reentrant cycles, some episodes stop spontaneously as a series of repetitive responses, while others perpetuate as VF. The times of activation and the isochronal maps of VF and of repetitive responses are similar in the mapped region ( Figure 5 ), and VF continues despite the fact that reentry within the mapped region subsides. Thus, factors outside the mapped region contribute to the maintenance of VF. Nonuniform dispersion of refractoriness may have been responsible for the maintenance of VF in our study after the original reentrant circuit created by the S 2 stimulus had died out; the main factor differentiating repetitive responses from sustained VF may have been whether or not other regions of reentry developed in portions of the ventricles outside the mapped tissue. Nonuniform dispersion of refractoriness may cause block and reentry in other cases in which activation is by conduction rather than by field stimulation, for example, regions of acute ischemia or infarction in which activation fronts that are initiated by premature stimulation conduct into the region. In addition, autonomic tone, heart rate, drugs, temperature, altered electrolyte concentrations, acidosis, and other factors that alter the VF threshold' may be associated with different activation patterns than were observed in this study. Further mapping studies are necessary to determine if there are different mechanisms of VF induction in each of these conditions and to assess the contribution of the nonuniform dispersion of refractoriness over a larger area of ventricles to the maintenance of reentry once it is initiated.
Nonuniform dispersion of refractoriness may also be important when S t and S 2 stimuli are given at the same site. The sites of S j and S 2 stimulation were different in this study for two reasons. First, many of the classic studies of vulnerability to electrical stimulation employed S, and S 2 at different sites. 125060 ' 64 Second, we wanted to test the prediction of a new explanation for the mechanism of the electrical initiation of VF proposed by Winfree. 65 Based on theoretical analysis utilizing topology and analogies to excitable chemical media, Winfree 65 has predicted our experimental findings. He hypothesized that if an extracellular potential gradient field increases monotonically at right angles to a uniform dispersion of recovery of excitability, in which refractoriness is also increasing monotonically, a singularity point of undefined state must be present. An activation front will form a rotor spiraling from the singularity point to form a leading circle type 66 of reentry pattern. If the gradient field is not orthogonal to the recovery of excitability, but decreases radially from a point source as in our study, he predicted that a pair of singularity points will be present and cause two mirror-image rotors that will form a figure-of-eight reentry pattern as we observed experimentally.
Role of Purkinje Fibers
Purkinje fibers respond differently than the ventricular myocytes to premature stimulation 15 and thus are thought to contribute to the nonuniform recovery of excitability and the electrical induction of VF. l416 Contribution of the Purkinje fiber network to the ventricular vulnerability could not be demonstrated with our mapping technique. The initial figure-of-eight reentry pattern was within the ventricular muscle surrounding the S 2 site. However, the lack of relation in this study between the Purkinje fiber network and the patterns of activation at the onset of VF and repetitive responses does not necessarily indicate that the specialized conduction system is unimportant in ventricular vulnerability. Because of the lack of recordings from Purkinje fibers in this study and the short distances between the Purkinje-ventricular junctions, 67 a 5-mm interelectrode distance may be inadequate to map the interaction between Purkinje fibers and ventricular myocytes. Also, Purkinje fibers may be important in the maintenance of reentry after the onset of VF.
Conclusion
The study suggests that a three dimensional figureof-eight reentry pattern is the mechanism of ventricular vulnerability to a single strong premature electrical stimulus when S, and S 2 are given at different sites in the right ventricular outflow tract. Reentry was thought to be induced because the stimulus was strong enough to capture cells that are partially refractory and to induce a graded response in the immediately adjacent tissue resulting in prolonged refractoriness and unidirectional block. Neither the nonuniformity in the dispersion of refractoriness nor the distribution of Purkinje fibers was strongly related to the pattern of activation after premature stimulation.
